Introduction
Since the first, impressively comprehensive description by Janz and Christian [1] juvenile myoclonic epilepsy (JME) has appeared as a well-shaped disease entity. The name-giving seizure type, indispensable for the diagnosis, was single or arrhythmic bilateral, predominantly brachial myoclonus, that could be combined with generalized tonic-clonic seizures (GTCS), mostly in the awakening phase, and absences [2] . Traditionally, JME is considered an idiopathic generalized epilepsy [2] . However, this concept is not accepted any more, but being replaced by a view focusing on a system disorder of the brain with ictogenesis in distributed, bilateral networks involving primarily the thalamus and selective areas of the neocortex [3] .
An awareness of a genetic background of JME is already present in the 1985 Proposal for an International Classification of Epilepsy Syndromes [2] , but its genetics is complex and heterogeneous, and still remains not completely clarified [3] . There is the possibility of some endophenotypes, like photosensitivity, within the JME spectrum, endophenotypes being defined as intermediate genetic components of diseases with complex genetics [4] .
Part of the original JME definition indicated that there are no morphological abnormalities [2] but this needs to be modified now by findings of magnetic resonance (MR) morphometry that revealed subtle changes in grey matter structure [5] and local deviations in several transmitter systems demonstrated by positron emission tomography (PET) [6] .
Treatment response to appropriate antiepileptic drugs (AED) is considered good [2] but there is a widespread though ill-evidenced belief that the patients need lifelong treatment because of a high relapse rate [7] . Recent research has cast doubt on both these dogmas since some patient groups did not respond sufficiently even to well-chosen AED supported by an adequate life style [8] , and several long-term follow-up studies revealed substantial subgroups of patients who were seizure free and off AED [9] [10] [11] [12] [13] [14] .
Taken all together, there is now some evidence that JME is not as homogeneous as previously believed but, rather, comprises a spectrum of closely related but distinct varieties. These will be discussed in this review along with the question to what extent the variance is due to quantitative differences in the expression of a phenotype and to what extent to the presence of genetically defined endophenotypes.
Seizure types
The three constituting seizure types do not have equal significance for JME. Myoclonic seizures are indispensable for the diagnosis, GTCS are a relatively non-specific maximal event in many kinds of epilepsy, but the presence of absences is optional, and these exist also as name-giving seizure types in other syndromes. Thus, absences appear as good candidates for representing an endophenotype within the JME spectrum. Seizures can be combined in different ways which seems to have prognostic implications. Namely, the co-existence of all three types is consistently reported to be a risk factor for AED resistance in JME [8, 9, 15, 16] , whereas myoclonus alone [8, 16, 17] or a combination of absence seizures and myoclonus are not [16, 18] . Remarkably, alleviation or disappearance of myoclonic seizures in the 4th decade is observed in most but not all patients [9] . The presence of absences as such seems not to have any significance whereas a history of childhood absence epilepsy evolving to JME appears to be a negative prognostic marker [19] . Beyond the presenting generalized seizure types, focal features have also been reported. Phenotypic overlap of JME was shown with idiopathic photosensitive occipital lobe epilepsy [20] . The occurrence of auras (mainly visual) was also well-described [21] . Moreover, several reports disclosed focal motor signs, even rotatory or circling seizures in JME [22, 23] . Clinical focal signs are not related to demonstrable lesions and not congruent with focal EEG findings [23] . It seems that focal and localized myocloni might predict status epilepticus in a subgroup of JME patients, implying the worst end of the spectrum [24] . Preliminarily, it should be noted that in the spectrum of JME there are cases with and others without focal features but their cause and significance are at present unclarified. Local clinical and EEG manifestations can be better integrated into the concept of a system disorder [3] than into the traditional view of JME as a "generalized" epilepsy. Some of them seem to be due to reflex mechanisms.
In terms of diurnal pattern, Janz emphasized that both myocloni and GTCS typically appear on awakening, and cortical excitability measured by transcranial magnetic stimulation (TMS) increases early in the morning in patients with JME, which could explain increased seizure susceptibility at this time of day [25] . However, this diurnal pattern is not present in all cases and was absent in cases with praxis induction (PI) where, remarkably, it was correlated with drug-resistance [26] .
3. Reflex epileptic traits JME stands out as the epilepsy syndrome showing most reflex epileptic traits [3] including photosensitivity (PS), eye closure sensitivity (ECS), PI and orofacial reflex myocloni (ORM). In a crosssectional video-EEG study with specific provocation of 65 JME patients [15] , PS was found in 25%, ECS in 20%, PI in 34%, and ORM in 26% whereas only 42% showed no reflex epileptic trait. The patients were tested at the age of 24.4 AE 7.3 years, and historical information e.g. on pre-existing PS was not included, thus these are minimum rates.
Intermittent light stimuli (ILS) disclose PS, either in form of seizures or a "photoparoxysmal response" (PPR) i.e. the appearance of spike-and-wave (SW) discharges in the EEG. These SW discharges showed more often a posterior predominance when compared to cases without PPR in JME [27] , indicating a probable difference in neural networks. Moreover, clinical photosensitivity (seizures triggered by environmental light sources) and PPR are not completely congruent in our clinical experience [28] . Of all epilepsy syndromes, PS is well-known to relate most closely with JME [29] . Therefore, for the JME spectrum, a distinction can be made between JME with and without PS although PS is a quantitative phenomenon depending on many parameters like flicker frequency, luminance, amount of stimulated retina and others [30] . On the other hand, PS seems to be an independent genetic trait [30] and so frequently found in JME [29] that a qualitative difference could be assumed between JME with and without PS. However, the genetics of PS remains also to be elusive [31] , and one study [32] indicated that PS is as common as in about 90% of JME patients if they are stimulated long enough and intensely enough. If this is correct PS, rather than indicating an endophenotype, would seem to represent a common basic mechanism of JME ictogenesis [33] . Recent research has to some extent clarified this mechanism. An important component seems to be hyperexcitability of the visual cortex as expressed in a decreased phosphene threshold to transcranial magnetic stimulation [34] . A magnetencephalography (MEG) study of high frequency oscillations comparing ILS followed by a PPR with ILS in the same subjects not followed by PPR, and with normal controls revealed increased gamma synchrony preceding the PPR. This abnormal processing of a physiological stimulus seemed to indicate upregulation of the occipito-frontal pathways as a basic mechanism of PS in relation with myoclonic seizures [35] . A subsequent EEG-fMRI study confirmed that the PPR results from a transcortical cascade of events primarily involving the frontal cortex but not the thalamus [36] .
ECS is defined by the occurrence of 3 Hz SW mostly of occipital predominance and/or absences with eyelid myoclonia within 2 s after eye closure. It strongly overlaps but is not identical with PS [28] . ECS is a central feature in Jeavons syndrome (eyelid myoclonia with absences) and a frequent trait in JME but may also occur in other contexts [37] . ECS is only seen with active eye closure, not with automatic or nociceptive reflex blinks [38] . In an elegant fMRI study of ECS in Jeavons syndrome Vaudano et al. [39] found activation of the occipital cortex at eye closure and concluded that the eyelid myocloni were generated there. However, 3 s later during the myocloni, the activation was in the supplementary motor area (SMA) where slow eye closure is generated. In addition, according to da Conceição et al. [38] myocloni in patients with ECS occur sometimes without concomitant SW. Also, all patients of Vaudano et al. were photosensitive so their finding of occipital activation could primarily be related to PS [39] . Thus, the ictogenic mechanism of ECS seems to involve both occipital cortex and SMA in a still unclarified interaction [33] .
Unlike PS there is little doubt that ECS represents not an endpoint of a continuum but an endophenotype which is present or not and occurs also independently from JME in a syndrome where it is the presenting symptom. Genetic study of Jeavons syndrome may provide more information in the future.
PI is a reflex epileptic trait where complex, typically visuomotor tasks often involving decision-making precipitate myocloni starting in the active limb [40] . Its almost exclusive relation to JME was established first by Matsuoka et al. [41] . Vollmar et al. [42] investigated the pathomechanism of JME in a cognitive fMRI study where patients and healthy controls were exposed to a frontal lobe task using visuomotor coordination. The study revealed altered functional connectivity of the anterior SMA, motor cortex and frontoparietal cognitive networks. If the occipito-frontal hyperconnectivity underlying PS indeed is a basic mechanism of JME it would now appear as a component of a more complex mechanism underlying visuomotor coordination, a basic physiological function which is of primary importance for survival of the individual in a three-dimensional environment. Whereas PI occurs in about 30-50% of JME patients (50% in Japan) [40, 41] this study showed that the underlying mechanism seems to be typical for JME patients in general [42] . It appears to be genetically determined since similar characteristics were also found in healthy siblings of JME patients [43] . The patients with PI may be the ones who present this pathomechanism in a higher degree than the others. A possible scale of a quantitative spectrum with increasing severity could be suggested:
healthy individuals but with a genotype for JME (e.g., siblings of patients) subjects with slight PS (only on EEG, PPR to excess stimulation) photosensitive JME patients but without PI JME patients with PI.
This scale seems to be particularly useful to explain severity given that the patients with PI represent the most drug-resistant subtype of JME [26] .
ORM consisting of lightning-like small, single or arrhythmic myocloni in the perioral, lingual and pharyngeal muscles triggered by reading are the presenting symptom in the rare syndrome of primary reading epilepsy (PRE) [33] . For JME patients with this trait the usual trigger is talking, followed by reading in 40% of cases [44] . Familial occurrence is typical in PRE, indicating that this reflex epileptic trait has its own genetic background and probably represents a separate endophenotype in the JME spectrum. EEGfMRI features of ORM have been studied in PRE; however, this study seems to have included cases of JME. It revealed hyperactivation of the cerebral subsystem supporting linguistic communication [33, 44] .
Neuroimaging findings
The traditional dogma that there are no morphological abnormalities in JME did not survive the advent of more sophisticated investigation methods, especially MR morphometry. A meta-analysis of 7 studies concluded the presence of increased grey matter volume in bilateral medial frontal gyrus and anterior cingulate, but decreased volume in bilateral thalami [5] . Magnetic resonance spectroscopy findings also demonstrated evidence of thalamic and frontal cortical dysfunction, which extend to occipital lobes in patients with photosensitivity [45] .
PET findings with various ligands further indicated metabolic changes particularly in the dorsolateral prefrontal cortex but also in other neocortical areas [6] . These findings could be related to the neuropsychological features of JME discussed below [6] . Whereas many studies indicate primary involvement of the frontal lobe, other findings showed participation of extensive extra-frontal networks encompassing conspicuous alteration of white matter diffusivity in temporo-parietal regions [46] .
A recent study found considerable individual heterogeneity of brain volumes of JME patients. Subjects in whom the first seizures were absences were more likely to have smaller hippocampi than their matched controls [47] . With respect to different seizure types in JME, one recent study using free surfer analysis of T1-weighted Fig. 1 . EEG patterns representing variance within the JME spectrum. a) Photoparoxysmal response in a 19-year-old female, bilateral symmetric. b) Right frontal spike in the same recording, unprovoked. c) Eye closure sensitivity in 18-year-old female with JME. d) Generalized poly-spike waves during sleep in a drug resistant patient. e) Interictal 3.5 Hz spike-waves of frontal predominance in 18-year-old male. f) Praxis induction by playing a board game in a JME patient. EMG electrodes placed bilaterally on deltoid and tibialis anterior muscles. g) Orofacial reflex myocloni precipitated by talking in 25-year-old female. Bilateral EMG electrodes placed periorally. Samples a)-e) are from Istanbul, f) from Dianalund, g) courtesy of Prof. Yacubian, São Paulo.
MR reported widespread differences between JME patients with and without absences in the structure of cerebral cortex and cerebellar white matter [48] . Neuroimaging findings may help to elucidate the background of some variance in JME soon but seems at present not to be explanatory.
Electrophysiological findings
The diagnostic EEG findings of JME include normal background activity with generalized 3-6 Hz SWs of frontal predominance, mostly fragmented irregular polyspike-waves, seen predominantly at sleep onset or on awakening [49] . Ictal records of myoclonus showed fast, rhythmic generalized polyspikes around 20 Hz. However, there is high variability of EEG pictures of patients diagnosed with JME as illustrated in Fig. 1 .
Focal EEG findings and asymmetries of the "generalized" discharges are seen in 6-48% of the patients with JME. They may be stable during years or switch from one hemisphere to the other, even during the same recording [49] . They may present diagnostic difficulties for physicians not familiar with this possibility in JME. Even if the significance of focal EEG findings remains unclear, for the spectrum of JME their presence or absence should be noted.
Giant somatosensory evoked potentials (SEP) may be present in 35-50% of JME cases, reminding of patients with progressive myoclonus epilepsy [50] . TMS opened a new window of electrophysiological interest in recent years and findings indicated defective intracortical inhibition, due to impaired GABA-A mediated mechanisms, with preserved GABA-B-mediated inhibitory mechanisms in JME [49] . The contributions of TMS [34] and MEG [35] to the understanding of PS have also been discussed above.
Personality traits, psychiatric comorbidities and cognitive deficits
The original description already indicated the JME patients as instable, forgetful and unreliable with rapid and frequent mood changes [1] . Several studies have since confirmed an increased incidence of psychiatric comorbidities (26.5-47%) and a specific neuropsychological profile suggestive of subtle frontal dysfunction, explaining poor social prognosis in the long-term follow-up of some JME patients [51, 52] . A recent study investigating patients with JME and their siblings may indicate more global, genetically determined pattern of cognitive deficits [53] . The type and degree of this dysexecutive syndrome tended to vary between studies which may be due to methodological differences. However, different patients may also have different degrees of neuropsychiatric comorbidities. According to the findings of the São Paulo group, a cluster B personality disorder was present in 1/3 of patients and was quantitatively related to abnormalities in MR spectroscopy and MR morphometry indicating that patients with personality disorder may represent a more severe expression of the syndrome [52] . It was interesting to note that JME patients with a combination of PI and ECS/PS had indeed greater executive dysfunction and more frequent psychiatric comorbidities [54] . In drug-refractory JME, half of the cohort exhibited moderate to severe anxiety symptoms and the patients performed most poorly on naming ability and inhibition switching. Furthermore, abnormal personality traits and psychiatric disorders were associated with worse intellectual and executive functioning [55] . Thus, psychopathological and neuropsychological problems seem to express more severe frontal lobe dysfunction rather than genetic variation.
Genetic heterogeneity of the JME spectrum
Despite extensive efforts, we still do not know the related genes in the great majority of JME patients. A handful of Mendelian genes, either related to ion channels or not, were identified such as, CACNB4, GABRA1, and EFHC1 in some families with JME most of which were also in charge for other genetic generalized epilepsies. Besides, a few SNP alleles in BRD2, Cx-36, and ME2 were reported waiting still confirmation by other large cohorts [56] . Recently the contribution of copy number variants was also disclosed in a minority of JME population. It was striking to note that the existing evidence supported a neurodevelopmental origin for common epilepsies like JME [57] . A thorough review of the JME genetics is beyond the scope of this paper. It is worth to emphasize, however, that the diversity and difficulty to elucidate the JME genes are among the best clues to support that JME is a spectrum with marked genetic heterogeneity.
Variations in treatment response
According to the traditional view, which is also supported by recent studies, seizures in JME can easily be controlled with appropriate therapy, and Valproate is considered to be the most effective AED in 90% of the patients despite concerns about the teratogenicity and many other side effects [58] . However, in the long-term follow-up, a benign course was observed in only 2/3 of the patients [9] . Despite counseling about factors increasing the risk of seizures, 1/6 of the patients had pseudo-resistance due to problems in lifestyle or compliance [9] , which may relate with the above-mentioned neuropsychiatric problems. The true-resistant course, observed in another 1/6 of the JME patients was reported to associate with some possible factors as highlighted in Table 1 . Although it is often unwise to discontinue treatment once seizure control has been achieved due to the high relapse rate, in all longterm observational studies [9] [10] [11] [12] [13] [14] a substantial minority of JME patients was able to discontinue AED and remained seizure-free thereafter. This kind of prognostic variability within a syndrome is not unusual in medicine but raises questions about the presence of various endophenotypes. The possible genetic background underlying various treatment responses remain to be determined.
Conclusions
JME appears no longer as a homogeneous condition but as a disease with a phenotypical spectrum that comprises Different combinations of the main seizure types Presence or absence of localized features in semiology or EEG The highlighted four reflex epileptic traits namely, PS, ECS, PI, ORM Remarkable psychopathology and neuropsychological traits Varying treatment response This diversity seems to be due to a combination and interaction of genetically determined endophenotypes along with quantitative differences in the expression of the predominant pathogenic mechanisms.
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